e behavior of concrete-filled steel tube (CFST) columns subjected to axial compression was experimentally investigated in this paper. Two kinds of columns, including CFST columns with foundation and columns without foundation, were tested. Columns of pure concrete and concrete with reinforcing bars as well as two steel tube thicknesses were considered. e experimental results showed that the CFST column with reinforcing bars has a higher bearing capacity, more effective plastic behavior, and greater toughness, and the elastoplastic boundary point occurs when the load is approximately 0.4-0.5 times of the ultimate bearing capacity. e change of rock-socketed depth and the presence of steel tube will affect the ultimate bearing capacity of rocksocketed pile. e bearing capacities of the rock-socketed CFST columns are lower than those of rock-socketed columns without a steel tube under a vertical load; besides, the greater the rock-socketed depth, the greater the bearing capacity of the rock-socketed piles. In addition, a numerical comparison between the ultimate load and the theoretical value calculated from the relevant specifications shows that the ultimate load is generally considerably greater than the theoretical calculation results.
Introduction
In the last few decades, high-rise, large-span, and large-scale building structures have become more common. Concretefilled steel tubular (CFST) members are well recognized for their excellent performance owing to the combined merits of steel and concrete materials [1] . erefore, concrete-filled steel tubes are being increasingly used in high-rise buildings and in large-span structures. CFST columns have been used in earthquake-resistant structures and bridge piers subject to impact from traffic and used to support storage tanks, decks of railways, and high-rise buildings as well as being used as piles. Concrete-filled steel tubes require additional fireresistant insulation if the fire protection of the structure is necessary [2] .
Studies of CFST have also been frequently performed, and tests of CFST with rectangular, square, and circular cross sections filled with high-strength concrete have been reported [3] [4] [5] [6] , including compression [7] [8] [9] [10] [11] [12] , bending [13] [14] [15] [16] [17] , or torsion [18] [19] [20] tests. e influence of the behavior and strength capacity of CFST on the bonding and local buckling of the steel profile, confinement of the concrete, and strength of the materials were discussed. Pull-out tests on CFST columns have shown the contribution of shear connectors to the force transference mechanism that occurs in beam-column connections. Local buckling has been widely studied, and it is possible to consider its influence on the strength capacity of the CFST columns. e confinement effect is influenced by the shape of the cross section, the thickness of the steel profile, the type of loading, the slenderness of the composite column, and the strength of the materials used. e studies on CFST rock-socketed columns and predicting the ultimate capacity of CFST columns subjected to axial compression are limited, and there is no standard method for calculating the strength of concretefilled steel tube with reinforcing bars.
ere are several design codes for concrete-filled steel columns, such as the America Institute of Steel Construction (AISC) Load and Resistance Factor Design (LRFD) [21] , Eurocode 4 (EC4) [22] , Brazilian Code NBR 8800 [23, 24] , and GB50396-2014 [25] . Since the AISC is focused on steel columns, use of the AISC [21] specifications is limited to composite columns with steel yield stress and concrete cylinder strength no greater than 415 and 55 MPa, respectively. Modified values for both the yielding strength (f my ) and elasticity modulus (E m ) are assumed. ese modified terms take into account the presence of the concrete filling the steel profile. EC4 [22] and NBR 8800 [23, 24] determine the resistance capacity of a section by adding the contribution of the steel tube and the concrete core. For columns with circular cross sections, the confinement effect is considered by using coefficients that increase the uniaxial compressive strength of the concrete (f ck ) and reduce the yielding strength of the steel (f y ). e instability in these standard codes is considered by using a coefficient, which depends on the slenderness of the composite column. Limits for the steel tube slenderness are also considered to avoid local buckling.
In China, reinforced CFST piles are widely used in foundations of piers and bridges for its good mechanical properties, for instance, Orchard Container pier in Chongqing Port, Cuntan pier, Xintian Container pier in Wanzhou Port, and Yangshuo pier in Wuhan Port. e remarkable feature of this new structure is that the thickness of the steel pipe is thin and the ratio of diameter to thickness is very large [26] . It greatly exceeds the allowable range of the much existing specifications [27] , for example, the ferrule coefficient of circular-section concrete-filled steel tubular members specified in Chinese specification [28] should be limited to between 0.3 and 3.0, and the ratio of diameter to thickness (D/t) should be limited to the following range: 20
������ 235/f y ; Eurocode 4 (EC4) [22] explicit limits the allowed D/t values in the European context to 90 * 235/f y . e maximum allowable value of diameterthickness ratio (D/t) specified in AISC [21] is 0.31 * E/f y . So, it is an attempt to estimate the ultimate load of reinforced CFSTpiles by above codes, and it may provide a reference for the design and research of the new structure with large diameter-to-thickness ratio. e present paper is thus an attempt to study the behavior of concrete-filled steel tube columns with foundation and columns without foundation subjected to axial compression. e main objectives of this paper were twofold: first, to discuss the bearing capacity of CFST columns under vertical load with regard to the thickness of steel tube, reinforcement, and the depth of rock-socketing; second, to discuss the ultimate load experimental results and theoretical calculations.
Experimental Study

Columns without Foundation
Test Program.
e experimental study of concretefilled steel tube columns subjected to axial compression was accomplished with several objectives, namely, the evaluation of the accuracy of several design codes to predict the resistance capacity, to determine the maximum load capacity of the concentric loading specimens, and to investigate the failure pattern before and after the ultimate load is reached. e specimens were tested; a summary of their properties is presented in Table 1 , and the schematic of pile is shown in Figure 1 . e cross sections of the tested columns are circular, the length of each column specimen is 1200 mm, and the diameters of the specimens are either 150 mm (symbolized with "1") or 165 mm (symbolized with "2"), thickness of the steel tube are either 1.2 mm (symbolized with "A") or 1.6 mm (symbolized with "B").
Properties of the Materials.
e concrete was produced in the laboratory of the Structural Engineering Department, and the mechanical properties of the concrete core were determined by cylinder tests (150 mm × 150 mm × 150 mm). In addition, the concrete mix ratio is shown in Table 2 . e concrete grade is C30, the mixing ratio of cement: sand: stone: water for ordinary Portland cement with a cement strength grade of M32.5 is 1 : 2.28 : 4.07 : 0.65 (mass ratio); the gravel underwent natural drying after washing, and it ranged from 5 to 10 mm in diameter. During the casting of the specimen, three standard concrete cube specimens of 150 mm × 150 mm × 150 mm are reserved for each batch of concrete, and the standard cube test block is sprinkled for 28 days for concrete axial compressive strength test. e compressive strength of concrete cube specimens is shown in Table 3 . According to the yield strength test of steel bars, the stress-strain curve of steel bars is obtained. e yield strength of steel bars is 375 MPa, and the ultimate yield tensile strength is 410 MPa, as is shown in Table 3 .
In Table 4 , E is equal to the modulus of elasticity. A HRB335 steel plate is used for the steel-retaining material, and it is welded to a steel sleeve with a thickness of either 1.2 mm or 1.6 mm, and the steel bar is a two-stage rib bar with a diameter of 6 mm.
Test Setup.
All of the tests were performed in a vertical column-testing machine with a static load capacity of 5000 kN, as is shown in Figure 2 .
e upper and lower surfaces of the column are, respectively, connected with the loading device and the rigid base plate by using a rigid pad. e load is divided into 12 stages according to the estimated ultimate carrying capacity, but the load grading is not consistent: during the initial stage, the loading is larger, but the loading grading is gradually reduced after the plastic stage of deformation is reached. is loading scheme allows the study of the post-peak behavior of the composite columns. erefore, it is possible to study the elastic behavior, the axial load capacity, and the ductility of the columns under axial loading.
For this test, three layers of strain gauges were arranged vertically along the column, and the data were collected by a signal acquisition system to explore the variation in the strain of the steel casing with an applied load. Besides, the distance between the first strain gauge and the column top and the distance between the bottom strain gauge and the pile bottom were both 30 cm, and the distance between adjacent strain gauge layers was 30 cm. e 4 strain gauges in each layer were arranged symmetrically along the column surface. And an additional strain gauge was embedded in the concrete, and the strain of the concrete was measured with the change in the load. In these tests, each strain gauge was divided into vertical and horizontal measuring points; therefore, 12 strain gauges, a total of 24 points, were placed on the outside of each specimen. Additionally, four displacement gauges are arranged symmetrically on the pile top and the pile bottom to measure the change in the compression of the pile with the load during the loading process; these results were used as the basis of the loading control method.
Columns with Foundation
Test Program.
e test program for the columns with foundation is approximately consistent with that of the concrete-filled steel tube columns without foundation; the cross sections of these columns are also circular, and all the columns were filled with C30 concrete. e specimens were tested, and a summary of their properties is presented in Table 5 . e length of each column specimen is 800 mm, the diameter of each is 100 mm, and the size of foundation is 2.1 m × 1.3 m × 1 m.
Properties of the Materials.
e concrete for the columns was produced with high-strength M30 cement mortar, with a cement: quartz: sand: water mix ratio of 1 : 1.76 : 0.32 (mass ratio).
e diameter of the steel tube is 100 mm, its thickness is 1 mm, and its elastic modulus is approximately E � 200 GPa. Additionally, the main bar of secondary reinforcement has a diameter of 6 mm, and the stirrups have a diameter of 1 mm. e stirrups spacing is 3 cm in the column.
Due to the large size of the test foundations, they cannot be excavated to the laboratory, so concrete was used to simulate the rock foundation. Mudstone is susceptible to weathering, which leads to a reduction in the bearing capacity of the pile; therefore, the concrete strength is low to simulate strong weathering mudstones. e concrete mix ratio is 12.5% cementitious material, 12.5% stone, and 50% sand. After 28 days of curing, testing results showed that the compressive strength of the standard concrete was 300 KPa, and the elastic modulus was 16 MPa. e pile was formed as shown in Figure 3 . In addition, the material properties of the concrete core and steel tube are shown in Table 6 .
Test Setup.
e loading system uses a split hydraulic jack with a limit load of 200 kN. When the loading device is installed, the load sensor can be placed on a piece of steel plate on top of the pile, and the loading apparatus is a separate hydraulic jack that is placed on top. e top of the Z1P1  100  300  3  1  Z1P2  100  300  3  0  Z2P1  100  400  4  1  Z2P2  100  400  4  0  Z3P1  100  500  5  1  Z3P2  100  500  5  0 Notation: Z1: rock-socketed depth is 300 mm; Z2: rock-socketed depth is 400 mm; Z3: rock-socketed depth is 500 mm; P1: steel tube is 1 mm; P2: steel tube is 0 mm; h: rock-socketed depth; n: ratio of rock-socketed depth, n � h/D. jack is xed to the reaction beam, and the device diagram is shown in Figure 4 . During step-by-step loading, to keep each load the same, the load is calculated according to 10% of the estimated carrying capacity. e rst stage load is 2 times the grading load; the unloading is reduced by a consistent 20% of the carrying capacity. e requirements are that the transmission load is uniform, continuous, and stable and that the time of loading is at least 1 minute.
Test Results and Discussion
Columns without Foundation
Failure Modes.
e typical failure modes of the specimens in this test are as follows. e failure modes of the plain concrete specimen (PL-2) and the reinforced concrete specimen (RN-2) are shown in Figures 5(a) and 5(b). e main failure mode is the fracture of the top concrete, and the crushing range is about one quarter of the length of the pile.
e typical failure mode of the unreinforced CFST specimens (NS-A-2 and NS-B-2) is shown in Figure 5 (c), which is mainly represented by the local buckling of the specimen after concrete crushing.
e reinforced CFST piles exhibit two di erent failure modes. e specimens with the thickness of 1.6 mm of steel casing (RS-B-1 and RS-B-2) locally exhibit buckling deformation during loading, the local deformation is gradually increased with the loading, and the specimen is bent and deformed until the bearing capacity is nally lost, as shown in Figure 6 (a). e specimens with the thickness of 1.2 mm (RS-A-1 and RS-A-2) showed the same deformation characteristics as the specimen RS-B-1 in the early stage of loading, but when the load reaches 850 kN, the weld of the steel casing suddenly opened.
e specimen is destroyed instantaneously, as shown in Figure 6 (b). In summary, two di erent types of damage may occur in reinforced CFST when axially compressed:
(1) When the weld strength of the steel casing is greater than the axial load limit of the composite member, the failure mode is the bending failure caused by the local buckling deformation, which is a ductile failure feature (2) When the weld strength of the steel casing is less than the axial load limit of the composite member, the failure mode is the open splitting of the steel casing weld under the expansion stress of the concrete, which is a brittle failure feature
Load-Displacement Curve
(1) Reinforced and Unreinforced CFST Members. e loadvertical displacement curves of reinforced CFST specimens with steel casing thickness of 1.2 mm (RS-A-2) and 1.6 mm (RS-B-2) are shown in Figure 7 . It can be seen from the test results that when the thickness of the steel casing increases to 1.6 mm, the displacement of the top of the specimen with the load is the same as that of the thickness of 1.2 mm, and both exhibit obvious plastic failure properties, the proportional limit of two thicknesses is relatively close, which is approximately 600 kN. Before the load reaches 600 kN, the load-displacement curves of the two test pieces are basically coincident. When the load exceeds 600 kN, that is, after entering the plastic zone, the absolute value of the displacement increment under the same load increment is smaller than the case where the thickness of the steel casing is 1.2 mm under the same condition. It indicates that the restraining e ect of the steel casing on the core concrete is mainly re ected in the plastic zone of the component, while the e ect on the elastic zone is small. e maximum displacement that can be achieved with a thickness of 1.6 mm is 13.8 mm, which is greatly improved compared to the thickness of the steel casing of 1.2 mm. erefore, the thickness of the steel casing has a great in uence on the ductility of the reinforcing member and the improvement of its bearing capacity.
e load-vertical displacement curves of CFST specimens with steel tube thickness is 1.2 mm (RS-A-2 and NS-A-2) and t steel tube thickness is 1.6 mm (RS-B-2 and NS-B-2) composite members are shown in Figures 8 and 9 . 
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It can be obtained from the test results that the proportional limit of the load-vertical displacement curve of reinforced CFST piles is slightly higher than unreinforced ones and the proportional limit of the specimen RS-A-2 and RS-B-2 is about 600 kN, greater than 500 kN of test NS-A-2 and NS-B-2. At the same time, the ultimate deformation capacity of reinforced CFST composite members is better than that of unreinforced CFST specimens. It can be seen that in the elastic stress stage, the presence of the stressed steel bars delays the generation of concrete cracks, thereby increasing the proportional limit of the test. In the plastic stage, the stressed steel bars play a further restraining role on the core concrete, which inhibits the formation and expansion of the crack and improves the ductility and ultimate deformation ability of the test.
(2) Encased and Nonencased Members.
e load-vertical displacement curves of plain concrete specimen (PL-2) and reinforced concrete specimen (RN-2) and reinforced CFST composite members (RS-A-2 and RS-B-2) are shown in Figure 10 . It can be seen from the test results that the steel tube has a great influence on the bearing capacity and deformation capacity of the test. For the plain concrete specimen (PL-2), the ultimate bearing capacity and ultimate deformation are small, and the maximum displacement is 2.87 mm, showing the characteristics of brittle failure. For the 
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reinforced concrete specimen (RN-2), the load-displacement curve shows a certain ductility characteristic, but the ultimate bearing capacity and ultimate deformation of the specimen are signi cantly smaller than the reinforced CFST composite member.
Strain Development.
In this paper, the strain law of the steel casing and concrete core under the condition of an axial compression load is described for the specimens with a steel tube thickness of 1.2 mm (specimen RS-A-2) and 1.6 mm (specimen RS-B-2). During the test, the vertical strain and hoop strain on the side of the steel casing were monitored and the development rule of the compressive strain inside the core concrete was monitored. Among them, four strain gauges are arranged on the side of the steel casing at the top and middle and top of the test specimen in the circumferential direction, and the vertical strain and lateral strain of the steel casing at this position are measured, respectively. In the data processing, the strain values of four measuring points in the same plane are averaged to obtain the average strain of the steel casing at the plane. e load-strain curve and average stress-strain curve of the test piece are given below. Among them, the average stress is obtained by dividing the axial load on the specimen by the cross-sectional area. e developments of the longitudinal strain, circumferential strain, and compression behavior of the steel tube are shown in Figures 11-16. Figures 11-13 are laws of strain From the above test results, it can be seen that for the steel casing-reinforced concrete composite member, the strain value in the middle of the specimen is slightly larger than the top and bottom strain values.
e strain development of steel casings at each measuring point shows elastic-plastic characteristics with the increase of load. Before the axial load value is less than 0.45 times, the ultimate load of the model pile foundation, the load, and strain show a linear relationship, while the load reaches 0.45 times the ultimate load carrying capacity. After the capacity, under the same load increment, the strain increment gradually increases, showing a nonlinear characteristic. From the whole load-strain curves of the reinforced CFST specimens, it exhibited the characteristics of ductile failure.
In summary, the use of a steel tube plays a very important role in improving the compressive deformation and mechanical properties of the components. For a joint steel tube-reinforced concrete structure, the bearing capacity and the ductility of the components are greatly improved compared to the specimens with no steel, which is due to the existence of the internal structure of the composite structure, e ectively enhancing the constraints between the concrete particles to limit the development of microcracks and the e ective stress.
Columns with Foundation.
It can be seen from Figure 17 that the variation in the results of the di erent model columns under the load at the pile top is consistent, and it can be considered that the in uence of a rockless cylinder on the Advances in Materials Science and Engineering settlement of a rock-socketed column is also consistent. It can be seen from Figure 17 that the displacements of Z1P1 and Z1P2 are basically the same from the load values of zero to 9 kN, the load-vertical displacement curve is approximately a straight line, and the two piles are in the elastic stage. After the load exceeds 9 kN, the displacement rate of the Z1P1 pile exceeds that of the Z1P2 pile and the settlement of the pile top increases. e load-vertical displacement curves of the two piles change slowly, and the process of steep drop is not obvious. Figure 17 shows several settlings that may be due to the inhomogeneity of the model foundation. According to the above analysis, it can be seen that the vertical bearing capacities of CFST rock-socketed piles are weaker than those rock-socketed piles without a steel tube; the di erence is mainly because the rocksocketed pile without a steel tube has a concrete-rock interface with a coe cient of friction greater than that of the CFST rock-socketed pile with a steel-rock interface. As seen from Figure 18 , the greater the rock-socketed depth, the greater the load-bearing capacity of the rocksocketed piles. In addition, when the depth of the pile in the rock-socketed increased from 3D to 5D, the vertical ultimate bearing capacity increased by approximately 40%. e main reason for this e ect is that with the increase in the rocksocketed depth, the contact area will increase, and although the side friction coe cient does not change, the total friction of the pile will signi cantly increase; therefore, the vertical bearing capacity of the pile is signi cantly improved. It is found that the vertical ultimate bearing capacity of rocksocketed piles without a steel tube (steel-free cylinder) is approximately 10% higher than that of the steel-retaining tube when the depth of rock-embedment is the same. e main reason for this phenomenon is that the outer wall of the pile is very smooth; since its roughness is much smaller than the concrete, the corresponding side friction is lower, and the ultimate bearing capacity of the pile is equal to the pile side friction and pile end resistance, decreasing the ultimate bearing capacity of the pile.
Analysis of the Ultimate Load
According to EC4 [22] , the axial load capacity (N pl,Rd ) of a CFST column can be determined by summing the yield load of both the steel section and concrete core. For concrete-ned tubes of circular cross section, account may be taken of increase in strength of concrete caused by con nement provided that the relative slenderness λ does not exceed 0, 5, and e/d < 0, 1, where e is the eccentricity of loading given by M Ed /N Ed and d is the external diameter of the column. e plastic resistance to compression may then be calculated from the following expression in equations (2)- (5) . e application of EC4 [22] is restricted to composite columns with steel yield stress and concrete cylinder strength of less than 355 and 50 MPa, respectively. e following presents the formulations of the AISC [21] , EC4 [22] , NBR 8800 [23, 24] , and GB50396-2014 [25] standard codes to determine the resistance capacity of axially loaded CFST columns. And r s is the radius of gyration of the steel hollow section, l e is the length of the column, E c is the modulus of elasticity of the concrete, and E s is the modulus of elasticity of the steel. e formulations presented were used to calculate the compressive strength of the axially loaded CFST columns investigated in the present study. In addition, the boundary conditions of the testing approach are upper if the pile is loading and lower if the pile is xed.
In GB50396-2014 [25] , θ means the hoop coe cient of concrete-lled steel tubular members θ α sc f/f c , α sc represents the steel content of concrete-lled steel tubular members, in the design of compressive strength of concretelled steel tube piles, B and C are the in uence factors of the cross-sectional shape on the hoop e ect, and about circular cross section, B 0.176 * f/213 + 0.974, C −0.104f c /14.4 + 0.031. In AISC [21] , the axial compression member is considered to be the overall stability of the member, the Advances in Materials Science and Engineeringstrength of the concrete is converted into the steel, the nominal compressive strength f cr of the steel is obtained, and the bearing capacity of the concrete-lled steel tubular member is calculated from f cr , f ys is the yield limit of steel, f ck means the compressive strength of concrete cylinder, A s is the cross-sectional area of steel pipe, A c is the cross-sectional area of concrete, and λ c is the ratio of slenderness to slenderness. In Eurocode 4 (EC4) [22] , the relative slenderness λ for the plane of bending being considered is given by λ N PL,Rk /N cr , where N pl,Rk is the characteristic value of the plastic resistance to compression if, instead of the design strengths, the characteristic values are used and N cr is the elastic critical normal force for the relevant buckling mode, calculated with the e ective exural sti ness (EI) c .
However, it should be stated that the maximum allowable value of diameter-thickness ratio (D/t) speci ed in AISC [21] is 0.31 * E/f y ; the ratio of diameter-thickness of circularsection concrete-lled steel tubular members speci ed in Chinese speci cation [28] should be limited to the following range: 20 235/f y ≤ D/t ≤ 85 235/f y ; and Eurocode 4 (EC4) [22] explicit limits the allowed D/t values in the European context to 90 * 235/f y .
e diameter-thickness ratio of the specimens studied in this paper is very large, exceeding the allowable range of the speci cations. e paper attempts to estimate these specimens with large diameter-thickness ratio by using the above codes. And the ultimate strength calculation results of relevant speci cations are shown in Table 7 . Apparently, it can be found that value of the ultimate load is generally much greater than the theoretical calculation results. (1) e reinforced CFST piles exhibit two different failure modes. When the weld strength of the steel casing is greater than the axial load limit of the composite member, the failure mode is the bending failure caused by the local buckling deformation, which is a ductile failure feature. When the weld strength of the steel casing is less than the axial load limit of the composite member, the failure mode is the open splitting of the steel casing weld under the expansion stress of the concrete, which is a brittle failure feature. (2) e bearing capacity of rock-socketed CFST columns is lower than that of rock-socketed columns without a steel tube under the same conditions of a vertical load. e depth of the rock inlay is clearly affecting by the bearing capacity of the two rock-socketed columns, and the greater the rock-socketed depth, the greater the bearing capacity of the rock-socketed piles. In addition, the overall sliding of the steel tube and the core concrete of pile is small, and the steel tube-concrete interface is basically in a bonding state under the vertical load. (3) A comparison of failure loads between the tests and the design codes was presented. e results show that the provisions in EC4 [22] , NBR 8800 [23, 24] , AISC [21] , and GB50396-2014 [25] conservatively estimate the ultimate capacities of the specimens, and it can be found that value of the ultimate load is generally much greater than the theoretical calculation results.
Since the diameter-thickness ratio of the specimens studied in this paper is very large, exceeding the allowable range of the specifications, the test results provide a reference for design and performance of the new structure with large diameter-thickness ratio.
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